Introduction
============

The bottom-up self-assembly of nanoparticles represents one of the innovative tools in nanotechnology to build complex functional architectures, with the resulting assemblies showing superior collective properties over the individual nanoparticles for a broad range of applications.[@cit1]--[@cit7] Among different strategies, the use of interfaces to self-assemble nanoparticles has been widely investigated,[@cit7]--[@cit9] which can be achieved typically by the Langmuir--Blodgett technique,[@cit10]--[@cit12] evaporation-induced self-assembly[@cit13]--[@cit17] and adsorption of the nanoparticles.[@cit18],[@cit19] In particular, the self-assembly of colloidal particles at the oil/water interface of emulsion droplets can produce an interesting family of colloidosomes in the shape of hollow capsules,[@cit20],[@cit21] which may find broad use in different applications such as biosensing, imaging and biomedicine.[@cit22]--[@cit27] However, conventional synthesis strategies usually give rise to micron-sized colloidosomes.[@cit28]--[@cit36] The miniaturization of colloidosomes into nanoscale ones, which is a prerequisite for many applications, remains a great challenge.[@cit22],[@cit37]--[@cit39] The difficulty in the miniaturization of colloidosomes mainly lies in the less favourable reduction of the Helmholtz free energy when small particles (≪50 nm) are adsorbed on the interfaces. This leads to the convenient detachment of particles from the interface,[@cit18],[@cit22] increasing the Laplace pressure between the inside and outside of the emulsion droplets, resulting in significant coalescence of the droplets.[@cit37] Therefore, although sub-micron colloidosomes have been reported in recent years, the number of reports has been very limited so far.[@cit39]--[@cit51] To the best of our knowledge, little progress has been made in the synthesis of sub-100 nm colloidosomes by the interfacial assembly of particles on emulsion droplets. On the other hand, colloidosomes are usually obtained with high polydispersity from conventional synthesis.[@cit22] Therefore, it is highly desirable to establish new synthesis strategies that can afford uniform nanoscale colloidosomes with intriguing collective properties and broad applicability for different applications.

In this work, we developed a novel strategy to self-assemble ultrasmall noble metal nanoparticles (typically \< 4 nm) at the oil/water interface of an emulsion, which formed uniform sub-100 nm colloidosomes (with sizes as low as ∼30 nm) after a subsequent seeded growth process ([Fig. 1a](#fig1){ref-type="fig"}). We found that polyvinylpyrrolidone (PVP), as a common capping agent for the synthesis of noble metal nanoparticles, can serve dually as the oil phase and emulsifier, forming a stable emulsion under alkaline conditions and thus enabling the assembly of a variety of noble metal nanoparticles at their interfaces, resembling a Pickering emulsion.[@cit23],[@cit52] These noble metal nanoparticles were then employed as seeds for the growth of a second metal, leading to an increase in the particle size, which further minimized the Helmholtz free energy for interfacial assembly.[@cit18] On the other hand, this led to the lattice contact of the nanoparticles driven by the minimization of the surface area and thus the surface energy, which enables the structural integrity of the assembly after the removal of PVP, giving rise to colloidosomes with remarkable porosity and structural integrity. The fact that the emulsion of PVP could serve as a template for the formation of nanoparticle assemblies has rarely been reported, but is particularly interesting. This enables the vast availability and thus a flexible range of choices of seeds and second metals for the synthesis of colloidosomes in either monometallic or bimetallic alloy forms with high compositional tunability. On the other hand, this provides strong interactions between the ultrasmall noble metal nanoparticles and the oil phase, which overcomes the momentum transferred from the solvent molecules,[@cit22] making the nanoparticles strongly confined at the oil/water interface of the emulsion for the successful formation of rigid colloidosomes.[@cit37] Although micron-sized[@cit35] and sub-micron-sized noble metal colloidosomes[@cit39],[@cit42],[@cit48]--[@cit51] have been reported previously, for the first time, noble metal colloidosomes have been obtained with unprecedentedly small sizes (\<100 nm) in high homogeneity and yield. These colloidosomes demonstrated intriguing collective optical properties in localized surface plasmon resonance (LSPR) and collective electrocatalytic properties in the formic acid oxidation reaction (FAOR), which proved to be superior to those of the individual nanoparticles. We believe these sub-100 nm colloidosomes represent a new family of attractive nanostructures, which may open up new opportunities in pursuit of fascinating collective properties for a broad range of applications.

![(a) Formation mechanism of the colloidosomes. (b) Size distributions of the PVP-stabilized Au seeds, the emulsion after addition of DEA and the Au colloidosomes as a final product, measured by DLS. (c) TEM image of the iodine-stained PVP emulsion. (d and e) SEM and TEM images of the monometallic Au colloidosomes, respectively.](c7sc01841j-f1){#fig1}

Results and discussion
======================

The interfacial self-assembly route to the colloidosomes of noble metal nanoparticles
-------------------------------------------------------------------------------------

In a typical self-assembly route to monometallic Au colloidosomes, a solution of Au seeds (\<3 nm) was first prepared by chemical reduction with PVP (0.47 wt%) as the capping agent.[@cit53] Diethylamine (DEA) was added to this solution with vigorous stirring to afford a PVP emulsion. The further growth of Au on these seeds gave rise to Au nanoparticles of ∼3.7 nm, which were assembled at the oil/water interface of the PVP emulsion, forming rigid colloidosomes. Self-supported Au colloidosomes with a clean metal surface were obtained after PVP removal by repetitive washing with water and acetic acid (ESI Fig. S6 and S7[†](#fn1){ref-type="fn"}).[@cit54]

The formation of a PVP emulsion was critical to the synthesis of the colloidosomes, which could be monitored by dynamic light scattering (DLS, [Fig. 1b](#fig1){ref-type="fig"}). The PVP-capped Au seeds showed a narrow size distribution at ∼3.7 nm, corresponding to the hydrodynamic size of the Au nanoparticles. After the addition of DEA, the size distribution shifted to ∼57 nm, implying that large, uniform assemblies had formed. The formation of the emulsion was further confirmed by TEM imaging after staining with Lugol's iodine ([Fig. 1c](#fig1){ref-type="fig"}), which showed discrete droplets of PVP with an average size of ∼30 nm. The droplets were irregular in shape, which may have arisen from the drying of the emulsion on a copper grid before TEM imaging. It is believed that the formation of the PVP emulsion was induced by the destabilized hydrogen bonding between PVP and water under alkaline conditions, which led to a decrease in the solubility of PVP in water and thus caused microphase separation. After further seeded growth, the size distribution of the colloid was virtually unchanged. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images reveal that the Au colloidosomes were formed in high yield and homogeneity, with an overall size of ∼31.8 nm (standard deviation of 6.5 nm), matching the size of the PVP emulsion very well ([Fig. 1d and e](#fig1){ref-type="fig"} and S1[†](#fn1){ref-type="fn"}). Meanwhile, the SEM image further verifies that the colloidosomes are three-dimensional spherical assemblies ([Fig. 1d](#fig1){ref-type="fig"}). It is worth noting that small nanoparticles (≪50 nm) do not usually easily adsorb at the oil/water interface of an emulsion due to the less favourable free energy reduction, and they are susceptible to detachment from the interface by the momentum offered by solvent molecules.[@cit18],[@cit22] In this synthesis, the oil phase consists of PVP, an excellent capping ligand for noble metals, and it may provide strong interactions with the ultrasmall noble metal nanoparticles. This interaction is favourable for overcoming thermal fluctuations and is thus favourable for the formation of colloidosomes with small primary nanoparticles.[@cit37] It is therefore reasonable that nanoparticles of ∼3.7 nm were trapped at the interface of the PVP emulsion, and highly porous, self-supported rigid colloidosomes were eventually formed due to sintering of the primary nanoparticles by lattice contact during seeded growth.

Nanoparticle self-assembly at the interfaces of the PVP emulsion represents a highly versatile strategy, which can produce a diversity of monometallic and bimetallic alloy colloidosomes with broadly tunable metal ratios, not limited to monometallic Au colloidosomes. The compositions of the colloidosomes can be conveniently tuned by choosing different metals for the seeds and the subsequent seeded growth. Remarkably, bimetallic Au--Pd ([Fig. 2a](#fig2){ref-type="fig"} and S4[†](#fn1){ref-type="fn"}), Au--Pt ([Fig. 2b](#fig2){ref-type="fig"}) and Pd--Pt alloy colloidosomes ([Fig. 2c](#fig2){ref-type="fig"}) and monometallic Pd colloidosomes ([Fig. 2d](#fig2){ref-type="fig"}) were synthesized by choosing Au, Au, Pd and Pd as the metals for the respective seeds, and Pd, Pt, Pt and Pd as the metals for the respective seeded growth. The metal compositions of these colloidosomes were confirmed by energy dispersive X-ray spectroscopy (EDS) ([Fig. 2a--d](#fig2){ref-type="fig"}).

![Versatility of the nanoparticle assembly approach. (a--d) Electron microscopy (HAADF-STEM or TEM) images and corresponding EDS of the bimetallic Au--Pd alloy colloidosomes (a), Au--Pt alloy colloidosomes (b), Pd--Pt alloy colloidosomes (c) and monometallic Pd colloidosomes (d). Si signals in the EDS arise from the silicon substrate.](c7sc01841j-f2){#fig2}

In addition, the metal ratios in the bimetallic alloy colloidosomes can be readily tuned by adjusting the ratios of the metal precursors in the synthesis. Taking Au--Pd colloidosomes as an example, the Pd/Au ratios are tunable from 0.53 to 14 by varying the amount of Na~2~PdCl~4~ in the seeded growth upon a given volume of Au seeds ([Fig. 3a](#fig3){ref-type="fig"} and Table S1[†](#fn1){ref-type="fn"}). It is worth noting that the Pd/Au ratio of the Au--Pd alloy colloidosomes is lower than that of the feeding precursor, indicating that Na~2~PdCl~4~ was partially reduced during the seeded growth. However, a clear linear relationship between the Pd/Au ratio in the final product and that in the feeding precursor can be observed, which enables the precise control of the Pd/Au ratios in the bimetallic Au--Pd alloy colloidosomes by tuning the concentrations of the precursors. The X-ray diffraction (XRD) patterns of the Au--Pd colloidosomes show a single set of reflections with their positions in between the standard peak positions of Au and Pd ([Fig. 3b](#fig3){ref-type="fig"}). Moreover, the XRD profile cannot be deconvoluted into reflections of Au and Pd, especially at high-index reflections (*e.g.* 220) where the respective reflections from Au and Pd are far apart from each other, confirming that an alloy of Au and Pd has been formed. With increasing Pd/Au ratios, the X-ray reflections shift continuously to high angles, implying that contraction of the face-centered cubic lattices takes place, which is in good agreement with Vagard's law.

![Compositional and structural analysis of the Au--Pd alloy colloidosomes. (a) The Pd/Au ratio of the Au--Pd alloy colloidosomes as a function of the ratio in the feeding precursor, measured by inductively coupled plasma mass spectrometry (ICP-MS). Inset: TEM images of the Au--Pd alloy colloidosomes with different Pd/Au ratios; scale bar: 20 nm. (b) XRD patterns of the Au--Pd~*x*~ alloy colloidosomes (*x* = 0.5, 2.5, 6.5 and 14). The standard peak positions of Au and Pd (111, 200 and 220) are shown for reference. (c) HRTEM image of an individual colloidosome. (d) A defective boundary indicated by an arrow. (e) The corresponding Fourier diffractogram. The dotted lines indicate the {111} and {200} diffraction rings.](c7sc01841j-f3){#fig3}

The crystal structures of the colloidosomes were further examined, taking bimetallic Au--Pd alloy colloidosomes as an example. Uniform Au--Pd alloy colloidosomes were obtained with nanoparticle grains of ∼3.2 nm for all Pd/Au ratios investigated, which could be confirmed by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and high-resolution TEM (HRTEM) images ([Fig. 2a](#fig2){ref-type="fig"}, [3a and c](#fig3){ref-type="fig"} and S8[†](#fn1){ref-type="fn"}). The HRTEM images suggest that the Au--Pd colloidosomes are polycrystalline with randomly oriented nanoparticle grains, which can be attributed to the crystal growth initiated from separate seeds ([Fig. 3c](#fig3){ref-type="fig"}). Intimate contact of the interparticle lattices can be observed, forming a highly porous nanostructure and abundant crystallographic defects ([Fig. 3d](#fig3){ref-type="fig"}). The Au--Pd alloying, rather than forming a core/shell structure, can be further confirmed by the Fourier diffractogram ([Fig. 3e](#fig3){ref-type="fig"}) where only one set of the diffraction rings could be observed, without discernible diffraction spots corresponding to individual Au and Pd nanocrystals. It is assumed that the surprisingly high tendency of the metals to become an alloy may stem from the ultrasmall size of the nanoparticle grains and thus the high mobility (low melting point) of the metal atoms.[@cit55] The high mobility of the metals further favours the sintering of neighbouring particles, which accounts for the rigid nanostructure of the colloidosomes by lattice contact. In general, the colloidosomes are a family of monometallic or bimetallic alloy assemblies of nanoparticles, which are polycrystalline with high porosity and abundant crystallographic defects.

Collective optical properties of the Au colloidosomes
-----------------------------------------------------

The noble metal nanoparticle-assembled colloidosomes show collective optical properties which are superior to those of their individual nanoparticles. The assembly of nanoparticles in the colloidosomes affords a high density of interparticle nanogaps and thus a high porosity, which may cause strong plasmon coupling at these nanogaps if the colloidosomes are composed of Au, Ag or their alloys, giving rise to peculiar optical properties and remarkable activity in surface-enhanced Raman scattering (SERS) applications. In our demonstration, Au colloidosomes were synthesized with an overall size of ∼32 nm and well-tunable interparticle nanogaps (4.6 and 1.7 nm) by changing the amount of HAuCl~4~ in seeded growth ([Fig. 4a and b](#fig4){ref-type="fig"}). Due to the nanoparticle assembly and thus the formation of nanogaps, the Au colloidosomes show distinct localized surface plasmon resonance (LSPR) in the visible range of the spectrum. In contrast to the individual Au nanoparticles of ∼3.7 nm, which show a broad LSPR band at ∼520 nm due to strong plasmon scattering at the particle surfaces, the Au colloidosomes with nanogaps of 4.6 and 1.7 nm display pronounced LSPR bands at ∼537 and ∼578 nm, respectively, showing a high extinction efficiency and well-defined shape of their profiles ([Fig. 4c](#fig4){ref-type="fig"}). Thus, the Au colloidosomes are wine-red and blue-violet in color, respectively, which are distinct from the colors of the individual Au nanoparticles (∼3.7 nm, light red, Fig. S9[†](#fn1){ref-type="fn"}) and the initial Au seeds for the assembly (\<3 nm, light yellow) ([Fig. 4c](#fig4){ref-type="fig"}, inset). The finite-difference time-domain (FDTD) simulation implies that the pronounced LSPR band arises from nanoparticle coupling at the interparticle nanogaps, with the strongest local electromagnetic field appearing at the nanogaps, rather than in proximity of the individual nanoparticles in dipole mode resonance ([Fig. 4d](#fig4){ref-type="fig"}, inset). With a decreasing size of the interparticle nanogaps, the LSPR band of the Au colloidosomes shifts towards red, suggesting that the optical properties of the Au colloidosomes are sensitive to the size of the nanogaps and therefore can be conveniently tuned for plasmonic applications.

![Synthesis and optical properties of the monometallic Au colloidosomes. (a and b) TEM images of the Au colloidosomes with different gap sizes (4.6 and 1.7 nm). Inset: histograms of the size of the nanogaps measured from the TEM image. (c) Extinction spectra of the Au colloidosomes with different gap sizes, in comparison with the pristine Au seeds. Inset: corresponding digital photographs of the colloids. (d) SERS activity of the Au colloidosomes for detecting crystal violet (10^--6^ M) adsorbed on a silicon substrate. Au nanospheres of ∼3.7 nm and ∼30 nm were employed as control samples. Inset: FDTD simulation of the local electromagnetic field in a cross-section of an Au colloidosome under irradiation of a plane wave (633 nm). The color bar represents the amplitude ratio of *E*^2^/*E*~0~^2^, where *E* and *E*~0~ are the local and incident electromagnetic fields, respectively.](c7sc01841j-f4){#fig4}

The intense local electromagnetic fields at the interparticle nanogaps of the Au colloidosomes represent hotspots for SERS analysis for the highly sensitive detection of the molecules of interest. We experimentally verified the SERS activity of the Au colloidosomes in comparison with Au nanospheres of ∼3.7 nm (close to the size of the nanoparticle grains, Fig. S9[†](#fn1){ref-type="fn"}) and ∼30 nm (close to the overall size of the colloidosomes, Fig. S9[†](#fn1){ref-type="fn"}). Strong and well-resolved Raman vibrational signals of crystal violet, a model analyte, have been detected from the substrate of the Au colloidosomes with nanogaps of 1.7 nm, which were ∼53 times stronger than those from the substrate of the 3.7 nm Au nanospheres, and ∼8.4 times stronger than those from the substrate of the 30 nm Au nanospheres ([Fig. 4d](#fig4){ref-type="fig"}). It is therefore clear that the Au colloidosomes are superior in fabricating highly active SERS substrates for much improved SERS activity due to the nanoparticle assembly and therefore their collective optical properties. In addition, the size of the nanogaps also plays a critical role in the SERS activity of the Au colloidosomes, with small gaps producing significantly increased Raman intensity, which enables the high designability of the Au colloidosomes for optimal activity in chemical sensing applications ([Fig. 4d](#fig4){ref-type="fig"}).

Collective catalytic properties of the Au--Pd alloy colloidosomes
-----------------------------------------------------------------

On the other hand, these noble metal nanoparticle-assembled colloidosomes show collective catalytic properties, which are also superior to those of their individual nanoparticles, especially for the Pt and Pd-based colloidosomes. As crystallographic defects have been generally recognized as the active sites for many catalytic reactions, excellent catalytic activity of the colloidosomes could be expected as a result of the abundant defective boundaries arising from the intimate lattice contact of the nanoparticles in the assemblies ([Fig. 3d](#fig3){ref-type="fig"}).[@cit56]--[@cit61] These defects, along with the small size of nanoparticle grains which affords a large population of unsaturated surface sites,[@cit55] in addition to the tunable alloy compositions that enable synergistic effects between the metals,[@cit60],[@cit62]--[@cit65] promise excellent activity of the colloidosomes in many catalytic reactions. In addition, the assembly in the form of a self-supported nanostructure favours structural integrity and thus remarkable durability in practical catalysis.

To examine the catalytic properties, monometallic Pd colloidosomes and bimetallic Au--Pd alloy colloidosomes with different Pd/Au ratios (denoted as Au--Pd~*x*~, with *x* representing the Pd/Au ratio: *x* = 2.5, 6.5 and 14) were applied in the electrochemical formic acid oxidation reaction (FAOR). For all colloidosomes investigated, the average sizes of the nanoparticle grains were ∼3.2 ± 0.2 nm, and the average overall sizes were ∼33 ± 1 nm (Fig. S8[†](#fn1){ref-type="fn"}). Commercial Pd/C (Pd 10%, size ∼3.5 nm) was employed as a benchmark, with a similar grain size to the Pd and Au--Pd colloidosomes (Fig. S10[†](#fn1){ref-type="fn"}). The electrochemically active surface areas (ECSAs) of the Au--Pd~2.5~, Au--Pd~6.5~, Au--Pd~14~ and Pd colloidosomes and Pd/C were 46, 41, 53, 43 and 80 m^2^ g^--1^, respectively, estimated by the underpotential deposition (UPD) of monolayer Cu (Fig. S11[†](#fn1){ref-type="fn"}). All colloidosomes were highly active in catalyzing the FOAR, with the mass activity increasing in the order of Pd/C (0.30 mA μg^--1^) \< Pd colloidosomes (0.43 mA μg^--1^) \< Au--Pd~14~ colloidosomes (0.79 mA μg^--1^) \< Au--Pd~2.5~ colloidosomes (1.0 mA μg^--1^) \< Au--Pd~6.5~ colloidosomes (1.3 mA μg^--1^) ([Fig. 5a and b](#fig5){ref-type="fig"}). Remarkably, the Au--Pd~6.5~ colloidosomes exhibited the highest mass activity, which was ∼4.3 times that of commercial Pd/C. This order is also valid for the specific activity of the catalysts, with the specific activity of the Au--Pd~6.5~ colloidosomes (3.19 mA cm^--2^) being ∼8.6 times that of commercial Pd/C (0.37 mA cm^--2^, [Fig. 5b](#fig5){ref-type="fig"} and S11[†](#fn1){ref-type="fn"}). It is surprising that compared with Pd/C, the monometallic Pd colloidosomes already showed significantly increased catalytic activity toward the FAOR, even though they were almost the same size as the primary nanoparticles, which emphasized the critical role of the nanoparticle assembly in improving the catalytic properties. It is reasonable that due to the self-assembly, the Pd nanoparticles are closely packed to afford abundant crystallographic defects, which effectively reduces the activation energy for the favorable kinetics of the FAOR.[@cit56]--[@cit61] Furthermore, the alloying of Pd with Au provides an additional opportunity to improve their catalytic properties due to the bimetallic strain effect.[@cit64] The alloying with Au leads to an upward shift of the d-band centre of Pd and thus significantly improves its binding strength with formic acid for favorable reaction kinetics. Thanks to the self-assembly and the highly tunable compositions, optimal catalytic activity toward the FAOR has been achieved with the Au--Pd~6.5~ alloy colloidosomes as the catalyst, which shows among the highest activities of state-of-the-art Pd-based catalysts reported so far for this type of electrocatalysis (Table S2[†](#fn1){ref-type="fn"}).

![Electrocatalytic properties of Pd and Au--Pd alloy colloidosomes in the FAOR. (a) CV of the Pd and Au--Pd alloy colloidosomes with different Pd/Au ratios in N~2~-saturated HCOOH (0.25 M)/H~2~SO~4~ (0.5 M), in comparison with Pd/C (scan rate: 50 mV s^--1^). The catalytic activities were normalized to the mass of Pd. (b) Comparison of the ECSAs (measured by the UPD of Cu), mass and specific activities of the catalysts. Error bars indicate the standard deviations of the values from 3 independent measurements. (c) CV of the Au--Pd alloy nanoparticles after disassembly, in comparison with the Au--Pd alloy colloidosomes and Pd/C. Inset: TEM image of the Au--Pd alloy nanoparticles obtained by disassembly. (d) Comparison of the ECSAs (measured by the UPD of Cu), mass and specific activities of the Au--Pd alloy nanoparticles after disassembly with those of the Au--Pd alloy colloidosomes and Pd/C.](c7sc01841j-f5){#fig5}

In order to further reveal the collective catalytic properties of the Au--Pd alloy colloidosomes, the colloidosomes were disassembled into individual nanoparticles (inset of [Fig. 5c](#fig5){ref-type="fig"}, S12 and S13[†](#fn1){ref-type="fn"}), which were subjected to FAOR measurements ([Fig. 5c and d](#fig5){ref-type="fig"} and S14[†](#fn1){ref-type="fn"}). The average size of the resulting Au--Pd alloy nanoparticles was ∼3.3 ± 0.2 nm (Fig. S13[†](#fn1){ref-type="fn"}), similar to that of the primary nanoparticles in the Au--Pd alloy colloidosomes (∼3.2 ± 0.3 nm). After disassembly, the ECSA of the Au--Pd alloy nanoparticles increased to 1.6 times that of the colloidosomes, which can be attributed to the exposure of interparticle contact areas in the original assembly. However, the specific activity of the nanoparticles dropped to ∼21% of that of the colloidosomes, due to a loss of crystallographic defects in between the primary nanoparticles of the colloidosomes. As a result, the Au--Pd alloy nanoparticles showed much decreased mass activity after the disassembly. This illustrates that the nanoparticles are better electrocatalysts when they are self-assembled into hierarchical colloidosomes. In other words, although the surface area was compromised after the nanoparticle self-assembly, the specific activity of the colloidosomes was significantly increased due to the formation of abundant crystallographic defects, which not only compensated for the loss in surface area, but also gave rise to the much increased overall mass activity of the colloidosomes. It is worth noting that the catalytic activity of the Au--Pd nanoparticles was already much higher than that of commercial Pd/C, which can be rationalized by the synergistic effect rendered by the effective alloying of Pd with Au.

The self-assembly of the nanoparticles leads to the formation of a self-supported nanostructure, which is favorable for retaining the structural integrity and the ECSA for much enhanced stability in practical catalytic applications. The long-term durability of the catalysts for catalyzing the FAOR was thus investigated ([Fig. 6](#fig6){ref-type="fig"}). After 500 cycles of cyclic voltammetry (CV), the Au--Pd alloy colloidosomes retained ∼94% of their original catalytic activity, showing the excellent durability of the catalyst. TEM imaging confirmed the structural integrity of the colloidosomes during the cycling process. For comparison, the commercial Pd/C lost the majority of its activity after 500 cycles of electrocatalytic catalysis. Substantial agglomeration of the Pd nanoparticles can be observed by TEM after the cycling process, which accounts for the loss of the ECSA and thus the electrocatalytic activity.

![Catalytic stability of the Au--Pd alloy colloidosomes in comparison with commercial Pd/C. (a) CV of the Au--Pd alloy colloidosomes and Pd/C before and after potential sweeps for 500 cycles. (b) Comparison of the mass activities of the Au--Pd alloy colloidosomes and Pd/C before and after the potential sweeps. Inset: TEM images of the Au--Pd alloy colloidosomes (up) and Pd/C (bottom) after the cycling process.](c7sc01841j-f6){#fig6}

Conclusion
==========

In summary, we have presented a unique route to self-assemble ultrasmall noble metal nanoparticles (\<4 nm) at the interface of a PVP emulsion under alkaline conditions, which affords a novel family of colloidosomes with unprecedentedly small sizes (\<100 nm). The advantages of this self-assembly strategy include the small size, high homogeneity and high yield of the colloidosomes that can be obtained, the generality in producing colloidosomes with broadly tunable compositions in either monometallic or bimetallic alloy forms, the versatility in tuning the porosity, the presence of abundant crystallographic defects and the formation of self-supported colloidosomes with remarkable integrity. As a result, the collective properties of the assemblies can be observed in optics and catalysis, arising from the high-density interparticle nanogaps and the abundant crystallographic defects formed by the nanoparticle self-assembly. We believe the nanoscale colloidosomes represent a new family of attractive nanostructures (see Fig. S17--S20[†](#fn1){ref-type="fn"} for colloidosomes with other metal compositions), which may open up new opportunities in chemical sensing, biomedicine, catalysis and many other applications.

Experimental
============

Synthesis of PVP-capped Au seeds and Pd seeds
---------------------------------------------

In a typical synthesis of PVP-capped Au seeds, 5 mL of PVP (*M*~w~ 29 000, 5 wt% in H~2~O) and 10 μL of HAuCl~4~ (0.25 M) were dissolved in 5 mL of H~2~O. With vigorous stirring, 600 μL of ice-cold NaBH~4~ (0.1 M) was injected into the solution, producing a yellowish solution with Au nanoparticles of \<3 nm. After stirring for 1 h, the solution was collected as a stock solution without further purification. The synthesis of PVP-capped Pd seeds followed the same procedure except for the use of 80 μL of Na~2~PdCl~4~ (0.0625 M) in place of HAuCl~4~.

Synthesis of Au colloidosomes
-----------------------------

In a typical synthesis of Au colloidosomes, 1.6 mL of the stock solution of Au seeds, 40 μL of diethylamine (DEA), 80 μL of HAuCl~4~ (0.025 M) and 1.6 mL of ascorbic acid (AA, 10 mM) were added to 16 mL of H~2~O in order with vigorous stirring at room temperature (25 °C). The reaction was allowed to proceed for 20 min. The resulting Au colloidosomes (gap size: ∼4.6 nm) were collected by centrifugation and washed with H~2~O 5 times. Au colloidosomes with a gap size of ∼1.7 nm were synthesized following a similar procedure except for the addition of 180 μL of HAuCl~4~ (0.025 M) instead of 80 μL of HAuCl~4~ (0.025 M).

Synthesis of Pd colloidosomes
-----------------------------

In a typical synthesis of Pd colloidosomes, 9.6 mL of the stock solution of Pd seeds, 960 μL of DEA, 480 μL of Na~2~PdCl~4~ (0.0625 M) and 9.6 mL of AA (10 mM) were added to 96 mL of H~2~O in order with vigorous stirring at 50 °C. The reaction was allowed to proceed for 24 h. The resulting Pd colloidosomes were then collected by centrifugation and washed with H~2~O 5 times.

Synthesis of Au--Pd alloy colloidosomes
---------------------------------------

In a typical synthesis of Au--Pd colloidosomes, 9.6 mL of the stock solution of Au seeds, 960 μL of DEA, 480 μL of Na~2~PdCl~4~ (0.0625 M) and 9.6 mL of AA (10 mM) were added to 96 mL of H~2~O in order with vigorous stirring at 50 °C. The reaction was allowed to proceed for 24 h. The resulting Au--Pd colloidosomes were then collected by centrifugation and washed with H~2~O 5 times.

Surface-enhanced Raman scattering (SERS)
----------------------------------------

The substrates for SERS were prepared by dropping and drying a known quantity of Au colloidosomes (or Au nanospheres) on a clean silicon wafer (8 mm × 8 mm). In order to clean the surface of the nanoparticles, acetic acid (50%) was added onto the above silicon substrate. After 10 min, excess acetic acid was cleaned by rinsing with H~2~O 5 times. The substrate was then dried at ambient temperature. In a typical SERS analysis, 25 μL of crystal violet (10^--6^ M) was dropped and dried on the substrate in the absence of light. Raman spectra were recorded using a LabRAM HR800 confocal Raman spectrophotometer equipped with a 633 nm He--Ne laser line at room temperature. For all measurements, laser spots were 0.85 μm under a 100× objective, the power of the laser spot was 0.3 mW and the signal acquisition time was fixed to be 1 s.

Electrochemical measurements
----------------------------

Electrochemical measurements were conducted with an Autolab PGSTAT302N electrochemical workstation with a three-electrode system (Pine Research Instrumentation). A glassy carbon rotating disk electrode (RDE; diameter: 5 mm; geometric area: 0.196 cm^2^) equipped on a Pine rotator, Pt foil, and a Ag/AgCl (3 M KCl) electrode (calibrated before use) were employed as the working, counter and reference electrodes, respectively. All potentials were converted into values with reference to a reversible hydrogen electrode (RHE). The ECSAs of the Pd-based catalysts were estimated by the underpotential deposition (UPD) of Cu in N~2~-saturated solution containing 0.05 M H~2~SO~4~ and 0.05 M CuSO~4~, with a reference value of 420 μC cm^--2^.[@cit66],[@cit67]

Formic acid oxidation reaction (FAOR)
-------------------------------------

The as-prepared catalysts cleaned with H~2~O were dispersed in acetic acid, heated at 60 °C for 12 h and washed with ethanol/H~2~O 4 times to clean the surface of the nanoparticles.[@cit54] The catalysts were then re-dispersed in H~2~O. Aqueous dispersions of the catalysts, such as commercial Pd/C (Pd, 10 wt%, Sigma-Aldrich), Pd colloidosomes and Au--Pd colloidosomes with different Pd--Au ratios, were ultrasonicated for 30 min to make a homogeneous ink, with the Pd concentration fixed to be 0.2 g L^--1^ (determined by ICP-MS). Then, 20 μL (Pd, 4 μg) of the ink was dropped onto the RDEs and dried at room temperature in air. After that, 15 μL of Nafion (0.05 wt%, Sigma-Aldrich) was dropped onto the RDEs and dried again. Before electrocatalytic measurements, the working electrode was conditioned by continuous cyclic voltammetric cycles in 0.5 M H~2~SO~4~ (100 mV s^--1^) until a stable CV curve was obtained. The FAOR was conducted by recording CV curves at a sweep rate of 50 mV s^--1^ in N~2~-saturated 0.5 M H~2~SO~4~ with 0.25 M HCOOH at room temperature. The durability of the catalysts was determined by investigating the CV curves before and after 500 cycles of sweeping at a rate of 50 mV s^--1^ at room temperature.

Characterization
----------------

TEM was performed on a Hitachi HT-7700 microscope equipped with a LaB~6~ filament, operated at 100 kV. High-resolution TEM (HRTEM) was performed on an FEI Tecnai F20 FEG-TEM, operating at 200 kV. The PVP emulsion was visualized by TEM after staining with Lugol's iodine (5% I~2~ + 10% KI). Typically, 160 μL of DEA and 40 μL of Lugol's iodine were added to 16 mL of 10 × diluted PVP/seeds in sequence with stirring. After stirring for 1 h, the resulting emulsion was dropped onto a copper grid and dried for TEM imaging. SEM and EDS were performed on a field-emission JEOL JSM-7800F microscope operating at 15 kV. DLS was performed on a Beckman Coulter Delsa Nano C particle analyzer. XRD patterns were recorded on a Rigaku SmartLab Powder X-ray diffractometer equipped with a Cu Kα X-ray source and a D/teX Ultra detector, scanning at a rate of 5° min^--1^ over a range of 10--90° (2*θ*). UV-vis spectroscopy was recorded on an Ocean Optics HR2000 + ES UV-vis-NIR spectrophotometer with a DH-2000-Bal light source. ICP-MS was performed on an Agilent 7500ce.
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[^1]: †Electronic supplementary information (ESI) available: Additional experimental details, TEM images, FTIR spectra, size distributions, FDTD simulations, SERS analysis, electrochemical measurements, extension of the self-assembly approach to other metals and comparison of the FAOR results with those from the literature. See DOI: [10.1039/c7sc01841j](10.1039/c7sc01841j)
